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strand and inserted into the groove of each 
pr<.'ee.'ii:i_! !ik:;i!t hi ,■ iii.'ii parallel re srrji..! 
F yielded a t r L star shape cross 

py data. Iiistrr. i . •> * L i to strand F 
produced i p ill Id % r\ t ■> 
having dimensions similar to those expen- 

iior stntml coiitpkmirwaliou wilh ihi- chapur- 
ooe results in an atypical la ibid, whereas 

dol»T -ll."ld i ■ c I. !<■ ! 1 s. 1. 1s . n 

duces a canonical variable-region hi ibid in 
(he mature pihis {24). Stereochemical comple- 
mentarity between the NIL -terminal motifs 
and grooves oi ihc various iuhmiiis. rn»st 
likely restricts lire order oi subnm! iisscaibh. , 
Thus, the molecular basis Ihr the adaptor 
function of PapK may in part be a conse- 
quence of its NiK-tcrn.iinai motif ItiiTOjj the 
groove of Pap! r and its groove accommodat- 
ing J he NHL-ierminal motif of Pap A with 
siereocheimcai specihc;i> . 
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X-ray Structure of the 
FimC-FimH Chaperorie-Adhesin 
Coniplex from Uropathogenic 
Escherichia coii 

Devapriya Choudhury, 1 Andrew Thompsoii, 2 Viviars Stojanoff, 3 
Solomon Larngermam, 4 Jerome Pmkner, 5 
Scott j, Huttgreii, 5 * Stefan D, Knight 1 * 

Type 1 pill adhesive fibers expressed in most members of the Enterobacte- 

riaceae family— -mediate binding to msnnose receptors on host cells through 
the FimH adhesin. Pilus biogenesis proceeds by way of the chaperone/usher 
f i v v k \ i , 1 i i ' he FiiTb t 1 i 1 complex 

from uropd ; ; i 

lor carbohydrate recognition and for . b j i I . 1 \ j a\ ^ i 1 piiin 
domain of FimH has an immunoglobuiin-iike fold, except that the seventh 
strand is missing, leaving part of the hydrophobic core exposed. A donor strand 
complementation mechanism in which the chaperone donates a strand to 
complete the pilin domain explains the basis for both chaperone function and 
pilus biogenesis. 



cell a 



e libers expressed in /•.'. 



umbers 



iinptcib. 



sirticiiires i which a short-tip i 1 u ^ i e 
containing FimG and the FimH adhesin (and 
possibly the minor component FimF as well) 
are joined to a rod composed predominantly of 
FimA subimits (i). The FimH adhesin mediates 
binding to mannose oligosaccharides (2. 3). In 
uropathogenic E. coii, Shis binding event has 
been shown to play a critical role in bladder 
coiomz; i 1 I ■. i t (4) Type 1 pilus bio- 



s | ip, Cab ni a I ih con ci cd 

V! i i i — j I i I , the 
assembly of over 2? antiesrve organelies in 
Gram-negative bacteria (5 ). The usher forms an 
elie.eneiie eii iiini I m the ."in . memin me \Mth 
a pore size of -2.5 run (6) and mediates srtb- 
miji ti'.iiibo^ id n a rht .-iilei inane i im 

Peripiasitiic ■ haper nes ■ nsisi oi two imrmi- 

le A l i b iln.ill^ 1 I dwp vltll Ix 

tween the two domains (7-9). Chaperones sia- 
bii.izt; pilus subi.ii-iiis md prevail iii.em from 
participating in prematun interactions in the 
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Table 1- Summary of data collection and MAD structure determination. Two 

- io 1 Mre 1 FirriC-FimH crystals (space group C2, a == ' J A, d 
139.1 A, c ----- 214 1 A ^ 90 0 :> co ^ _ e r 

were used to co'tecr MAD (Ae) data on RM14 of the f.uropean Synchrcan-.ei 
Radiation Facility. Data were recorded at each of three wavelengths corre- 
sponding to the peak of the Se white Sine, the point of inflexion of the K 

, 0> L 1(J i I* ^ I i 

c or D a e ecu ec it pr _ I i\ i 
further processing and scaring using the CCP4 processing package i'AAi. An 
initiai so!nt:on to th-e eeir'erson function was prodrjeed in the terraeoaai 
.pace group both automaticaiiy with the program SOLVE 1/3) and 



manually with the program P.SPS (?3). and initiai phases were caicaiated with 
SHARP ;A3;. Density modification including fourfold noncrystaiiographk 
(NCS) averaging was done with the program DM (23). A model corresponding 
to the two copies of the npiex in the psei i 
with the program O (Z3). Bulk solvent correction, positional, simulated 
annealing 3nd sotr as carried out with 

X-PLOR (23) and REFMAC (23) with tight NCS restraints against a 2.5 A native 
data set corrected at Max H/BL71 1 in Lund. The current R factor and R frl _„ (on 
S% of the d3ta} are 24.0 and 26.8%, respectively. The root mean square 

at ions from idea i 3 3 s re pet 

tively. No residues are in di f 'he Ramachandran plot. 
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pcripUtsiii b\ forming chaporone-subunil com- 
plexes (J). Here, the x-raj crystal slrucnm: of 
ii -e F:in< '- 1 mil I chaperone -adbesin complex 
from uropathogenie co/7 is described The 
structure reveals a donor strand complementa- 
tion mechanism flmt explmrib. die basis of both 
chaperone function and pilub. biogenesis. 
The structure of the FimC-FimH complex 



ccelle; 



Stll,:l 



eaks the 



: i 



for die second sol of molecules, electron 
density was poorer but allowed for nriambig- 
uous placement of a copy of the initially 
traced complex. 



pable 



tved i 



of 



uiltiwavdength 



anomalous dispersion {MAD; data to 2.7 A 
collected from selenomethionyl FimC-FimH 
crystals, and subsc-r.ji'.enlh mimed lo 2.5 A f fa- 
ble 1). Eight copies of (he FimC-FimH het- 
erodimer in the C2 asymmetric unil were ar- 
ranged as i'wo sels of kntr molecules related b\ 



lap:':: 



sidue 



ill e 



;. Ide 



iiSilS 



156H, and the COOH-1 
which is user; to anchor the adbesin to liie piius, 
. ) n residues I i " (Fig. 2A). 
Trie overall structure of the FiraC chaperone in 
the complex is essentially the same as that of 
the free chaperone (S, 9). The pilin domain of 
FirnH binds in the deft of die chaperone (Fig. 
life although there is only limited contact be- 
tween FirnH and the COOH-tetminal domain 
ofFhnC. 

The lectin domam of FirnH is an 1 1 -strand- 
ed elongated p barrel with a jelly roll-like 
topology (Fig. 2B). Searches of the structural 



A pocket 

mannose unit k, |. ;e;iied at the tip of the domain, 
distal From the connection lo the pilin domain 
(Fig. IB), A molecule of cydohoxyibuiano) i- 
A T -hydroxyeth)l-l)-gluca!iiide (C-HEGA) (12) 
is bound in this pocket t,l eg. 3A). The ghica- 
inide moiety of C-HEG A is blocked at CI and 
cannot form a p> cm ' is 1 tut lo approach 
the pyranose cor&rmation. The C2, C3, C4, 
and C6 hydroxy! groups of C-HEGA are en- 
dosed within die pockel where;):; (he < '5 by- 



product's type 1 pili but : 
e hemagi 
(13). Als< 
due 136H has been rep. 
block mannose binding ('/ 
The pilin domain of 
immunoglohulm-like touo 
minal domain of pen P las 
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Fig. 1, (A) A typical sample of the solvent-flattened experimental 
density map (contoured at 1.0a) with the refined model superimposed. 
Arg sc and l.ys l ; - c anchor the COOH-terminus of FimH (Gln 2?9H ) in the 
subunit binding cleft of the chaperorre through hydrogen bond; to the 
tii L !f I t i f i 1 nC FimH 

complex. FimH is colored yellow, except for the A" (green) and F (orange) 

ing (Fig. 2B). Two antiparallei [3 sheets (strands 
A ' BED ' and D"CF) pack a gainst each other to 
form a [3 ban-el that is similar to, but distinct 
from, immunoglobulin barrels. As in she chap- 
erones, strand switching, occur; at !he edges of 
the sheets. In the chapcroncs, the Ai strand of 

!k Kl! .13] Id 1 Mi . I III , 

two sheets of the barrel (l.S ). I'hc first strand of 
thepilin domain • xhahls a ; ]nn] ir .v.atl, 
owing to the lack of a seventh strand, the sec- 
ond half of the A strand is not involved in 
main-chain hydrogen bonding within the do- 
main. The D sti ] v k - as v ell as 



itrands of the piiin domain. FimC is colored blue, except for the G1 strand, 

cyar [he FimH p I domain of Fim 

form a closed superbarrei with 3 continuous core made from conserved 
residues in both proteins. A batt-and-stick representation of the C-HECA 
mo, cu, b 3i to ' - i n ;;n i of FiH i :i res tf>= position of the 
carbohydrate-binding site at the tip of the domain. 




fthe I 



nH a 



tlie 



;utopijipifP^ 
»lipilH^li-!iiM|;l»itliH?i 

Fig. 2. (A) Alignment of 
type 1 piiin sequences 
to the piiin domain of 
FimH. The end of the 
lectin domain ind thi 



-id ii 



the 



fthe 



idot 



in the complex, the seventh (OH strand 
from the Nl h-icnsisnul doireiin of the chaper- 
one is used to eta: him i» df p;lm d-»nuui b> 

K I" 1 It 1 :X ' veil iii'. ill \ 

- -i t suit main I 




The linai s 



.1 (F) 



aid i fi 



i parallel 
ofFmiC 



it" mil econdary strn 

h ->i- s H s c\ « 21 r r i > i le are coded 

character (bine); piiin NF-: ? -tei mitral residues proposed to take part i 
the pilus (yellow); involved in -bar 7) (open circl 

binding pocket (boxed), "the i" ->i ' 1 extensions ' • the „ ' s 
and nomenclature for secondare structure l nts are shown 
(left) and ratlin (right) dom 



ed at the bottom c 



topology diagrams, 
residues are as folic 
N, Asn; P, Pro: Q, C 



Ala; 



. ; , Asp; I 
Ser; T, Thr; V. 



vs; identical (red); co 
strand compleirv > l i 
the residue); carbohydrate 
are in one large box. Limits 
i L 

f FimH Abbreviations for the ammo acid 
Gly; H, His; I, lie; K, Lys; L, Leu; M, Met; 
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example of a case where some of that in- 
formation is not inherent in the sequence of 
the protein to be folded but is instead trans- 
ferred from an v 1 in < riplas 
mic chaperone. 



Fig. 4. Model of the type 1 pilus. The NH 2 -ter min.nl extension participates in donor strand 
orrif: ;mt it or t « t n c i i e l 3 L i o rn ap i I 

pack against each other through the sides of the pilir ban J b 

the hydrophobic Ad j i the Nil i "xtension point into the solution on the 
inside of the hollow pilus rod. (A) The proposed interaction between two consecutive FimA 
molecui , K 
A Ihf i ii -> i it *of it v ' , i i 1 . ' i i i i \ r 

map io the outer surface of the pilus. (C) Side view of the pilus. 



). C.J. Kleywegtand T. 
525 (1997). 



28 S, 1058 (1993). 



alle 



. Th< 



■ the 



surface of (he pilus nit»tei proposed above 
(Fig. 4), which would account for the anti- 
genic variability of type I pifi 

The proposed head-to-tail interaction be- 
tween subunits in a pilus is ren 
oligoinori/utlon liirough 3D dor 



of 



one. is needed to keep the inonomeric sub- 
units in solution by donating a unique part 
of its structure (the Gl strand) to the dif- 

On the basis of The structure of the 
FimC-FimH complex, we propose that the 
dass of proteins known as pom; are miss- 



ion; 



nd c 



.glob 



>!d. 



which 



rs not only between identical necessary for folding, is donated to the 

ins (FimA in the pilus rod), but hydrophobic core of the pilm by the 

sen homologous but distinct periplastic chaperone in a donor strand 

' e\uuu.h . i unu. i nrd . -nd *.ompk meniair 'n mc^ii-ni. m V ieo.nt i .r- 

le pilus tip). Furthermore, be- mulation of Anfinsen's classic postulate 

in ii pihn j t n.m s do e - > ted that "The steric information neces- 
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Requirement of Orcadian Genes 
for Cocaine Sensitization in 
Drosophiia 

Rozi Andretlc, Sarah Chaney, Jay Hirsh* 

The circadian clock consists of a feedback loop in which clock genes are 
rhythmically expressed, giving rise to cycling levels of RNA and proteins. Four 
' ' c 1 o cic'-ti flijer;.::-:? res i i<'i> 1 k r> ; 

base cocaine in the fruit fly, Drosophiia melanogaster. Sensitization to repeated 
cocaine exposures, a phenomenon also seen in humans and animal models and 
associated with enhanced drug craving, is eliminated in flies mutant for period, 
dock, cycle, and doublet r- it > r y • 1 > \ r jif^ieles* it 

do not sensitize owing to lack of these genes do not show the induction of 
tyrosine decarboxylase normally seen after cocaine exposure. These findings 
indicate unexpected roles for these genes :n regulating cocaine sensitization and 
indicate that they function as regulators of tyrosine decarboxylase. 



the ii.k' cvcaine exposure. /*'/- ii" showed 
iiv - :]•:':/ m. -n tidier i,» .. normai el increased 
dose even aJVr repeated cKposurcs. As with 
Yv i (lies. /«'/•" dies showed a dose -dependent 
increase in the severity of responses, and the 
normal cocaine -induced types of behaviors 
were observed (13), 

pss" alleles shut cither shorten or lengthen (he 
circadian periods show diuurct patierns of co- 
came responsiveness The short-period mutants 
per* and per 7 (M /5) both showed increased 



o the 



and weak ser 



nd 75- 



xposu 



111 response to exposure to volatilized tree- 
base cocaine, l)roxo/>hila perform a set of 
reflexive behaviors similar to those observed 
in vertebrate animals, including grooming, 
proboscis extension, and unusual circling lo- 
comotor behaviors (/ .?). Additionally, flies 
can show sensitization alter even a single 
exposure to cocaine provided that the doses 
are separated by an interval of 6 to 24 hours 
('/'). St iisiM/ohon. u pn.ee ;n which repeated 
exposure tc- low doses of a drug leads to 
increased severity of responses, has been 
linked to tlte addictive process in humans 
(4 6 ) and is potentially involved in the en- 
hanced craving and psychoses that occur after 
repealed ps\ i h.wiiiniii;::!': administration. 

We have show n circadian variation in the 
agonist responsiveness of Drosophiia nerve 
cord dopamine receptors functionally cou- 
pled to locomotor output (7). Tins variation is 



of cocaine four times over 2 days, and the 
1 'I S eS| ui ' IS 

quantified after each exposure (rig. i A i. 
Whereas WT llies showed sensitization niter 



posnre (Pig. 2A). with only the sensitization of 
ki- siio*m it s k i t e ice Sensitiza- 
tion is not observed in these lines when tested 
with otiier cocaine doses (16 ). The long-period 
mutant per" (77) showed a normal initial co- 
caine response bin no sensitization to a subse- 
quent exposure. 

Similar!} , otiier c trcadiun genes showed ef- 
fects on cocaine sensitization: Both clock and 
cycle mutants failed To sensitize when given 
two doses of cocaine (Fig. 2B). Because these 
mutants show. ■! an im reused sensitivity to the 



depei 



the i 



Drosophiia period (;k-> 



Because 



chai 



i post 



unpin 




Cocaine (jig) 



for alterations in responsiveness to cocaine. 

Wiki-type (W'i ) flies or flies containing a 
/i i i" initiation. /;:'■■•'. were exposed le 75 i 



sates Wild-type (WT; CantonS 
[n for each sequential exposure: 
105, 95, 30, 17): and per' (n: 81, 
60, 61, 57) i 

75 100 to > itht . 75 or 100 iag of vola- 

tilized tree-base cocajne twice 
Is for 2 days, ard the b e w in <dl 1 1 

-I s 7i S.'havioia! scores i t o 0 i , 010: boha-sor; to / (death), 
indicate rapid twirling, erratic jumping, or paralysis. Significant differences in 
;rsus subseci " ,\t\ ..r , - T l < J oo - , ^ t a J 

tii! 1 ii i Aii behavioral analyses were performed blindly; strains 
! * . n <; v i'twf \? j 

tli od [B] per" flies 

ine exposures. WT Oregon"' and per° were 
2 days and decapitated 4 hours after the test 
mM quinpirole as described (24), 
50 flies). Significant 



per day at 6-hour inti 
exposure with a beht 
r - iiav nrai scores of 
responses^ to the fir; 

were given drugs in r; 
eva J3T Co, , and 

do not modulate quinpirole responsiveness ah 
exposed to 75 fig of volatilized cocaine three times o\ 
exposure, flies were decapitated and assayed for bcomotiot 
with modifications (7, 3i). Average locomotion ± SEM is shown (n = 30 
differences between sham- and coc " 



ated flies are indicated ("P ss 0.05, Student's 
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